In this paper, we investigated the production of plantaricin 423, produced by Lactobacillus plantarum 423 in both MRS broth and partially deproteinated MRS with Amberlite XAD-1180. Improved production of plantaricin 423 was observed in MRS broth pre-treated with Amberlite XAD-1180. Precipitation of plantaricin with ammonium sulphate, followed by gel filtration chromatography and subsequent analysis on a modified tricine-SDS PAGE, significantly increased the yield and purity of plantaricin 423. This paper describes a novel method to partially deproteinate growth medium in order to facilitate bacteriocin purification.
Introduction
Bacteriocins are ribosomally synthesized antimicrobial peptides produced by both Grampositive and Gram-negative bacteria and are classified according to molecular size, chemical structure and mode of action [1] [2] [3] .
Lactobacillus plantarum 423, isolated from sorghum beer, produces a 3.5 kDa class IIa bacteriocin, plantaricin 423, which inhibits the growth of several food-spoilage bacteria and food-borne pathogens, including Bacillus cereus, Clostridium sporogenes, Enterococcus faecalis, Listeria spp. and Staphylococcus spp. [4] . Plantaricin 423 is resistant to treatment at 80
• C for 60 min, but loses 50% activity after 60 min at 100
• C and 75% after autoclaving (121 • C for 15 min). The peptide remains active after incubation at pH 1 to 10 but is inactivated when treated with proteolytic enzymes including pepsin, papain, α-chymotrypsin, trypsin and Proteinase K. The mode of activity is bactericidal, as determined against Oenococcus oeni [4] . Several methods have been reported for the purification of plantaricins based on various combinations of ammonium sulphate precipitations, ion exchange, hydrophobic interaction and/or reversed-phase chromatography [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . A rapid, two-step purification procedure using both cation-exchange chromatography and reverse-phase chromatography, enables purification of milligram quantities of pediocin-like bacteriocins and other cationic peptides [14] .
In this paper, L. plantarum 423 was cultured in partially deproteinated MRS broth (MRS-A) and in filter sterilized supernatant from Listeria innocua MRS broth cultures (MRS-L). Purification was performed by ammonium sulphate precipitation, followed by cation exchange chromatography and FPLC. Separation was performed by modified tricine-SDS-PAGE.
Materials and methods

Strains and growth media
Lactobacillus plantarum 423 was cultured in MRS broth (Biolab Diagnostics, Midrand, South Africa) at 30
• C for 24 h. Enterococcus faecium HKLHS was cultured in MRS broth at 30
• C and Listeria innocua LMG 13568 in BHI broth (Biolab) at 37
Partially deproteinated MRS broth (MRS-A) was prepared by resuspending 10 g Amberlite R XAD-1180 (Supelco, Bellefonte, PA, USA) into 1.2 l MRS broth. After 30 min of shaking at 25
• C, the broth was filtered under vacuum through Whatman chromatography paper to remove Amberlite R . After adjustment to pH 6.5 with 1 N NaOH, the medium was autoclaved for 15 min at 121
• C. MRS-L medium was prepared by inoculating L. innocua LMG 13568 (2%, v/v) into 1.2 l MRS broth and incubating for 24 h at 37
• C. The cells were subsequently harvested (5 000 × g, 15 min, 4
• C), the pH of the cell-free supernatant was adjusted to 6.5 with 1 N NaOH and then the solution was filter-sterilized (Durapore R Membrane filter, 0.22 μm GV, Millipore, Ireland). One liter of each media was used for growth and bacteriocin production. MRS broth was used as control. Cell growth was determined by optical density readings at 600 nm.
Bacteriocin assay
Bacteriocin activity tests were performed on cell-free supernatants of 24 h cultures using the agar-spot test and the well-diffusion methods [15] . Cell-free supernatants were adjusted to pH 6.0 with sterile 1 N NaOH before testing. E. faecium HKLHS and L. innocua LMG 13568 served as target organisms. The same method was used to screen L. innocua LMG 13568 for production of antimicrobial compounds against E. faecium HKLHS and L. plantarum 423. Antimicrobial activity was expressed as arbitrary units (AU) per ml with one AU defined as the reciprocal of the highest dilution showing a clear zone of growth inhibition [15] .
Partial purification
An 18 h culture of L. plantarum 423 was inoculated (2%, v/v, OD 600nm = 8.0) into 1 l MRS-A, MRS-L and MRS broth and then incubated at 30
• C, without agitation, for 20 h.
Cells were harvested (8 000 × g, 10 min, 4
• C) and plantaricin 423 precipitated from the cell-free supernatants with 70% saturated ammonium sulphate [16] . The precipitate was resuspended in one-tenth volume 25 mM ammonium acetate buffer (pH 6.5), desalted against distilled water by using a 1000 Da cut-off dialysis membrane (Spectrum Inc., CA, USA) and loaded on a SepPak C 18 column (Water Millipore, MA, USA). The column was washed with 20% (v/v) iso-propanol in 25 mM ammonium acetate buffer (pH 6.5) and plantaricin 423 eluted with 40% iso-propanol in 25 mM ammonium acetate buffer (pH 6.5). After drying under vacuum (Speed-Vac, Savant), the fractions were pooled and dissolved in 50 mM phosphate buffer (pH 6.5). Active fractions were then separated by gel filtration chromatography on a Superdex TM 75 column (Amersham Pharmacia Biotech) linked to anÄKTApurifier (Amersham Pharmacia Biotech). Plantaricin 423 was eluted from the column with 400 mM NaCl in 50 mM phosphate buffer (pH 6.5), at 0.25 ml/min. Absorbance was measured at 220 nm, 254 nm and 280 nm. Fractions containing the active peptide were collected, dried under vacuum and stored at −20
Activity tests were performed by using the agar-spot method as previously described by Todorov and Dicks [15] .
Modified tricine-SDS-PAGE
L. plantarum 423 was grown in 100 ml of either MRS-A, MRS-L or MRS broth, for 24 h. Cells were harvested (10 000 × g, 15 min, 4
• C) and the pH adjusted to 6.0 with sterile 6 N NaOH. Cell-free supernatants were incubated at 80
• C for 10 min and plantaricin 423 precipitated with 70% saturated ammonium sulphate as previously described. Precipitates were resuspended in 10 ml 25 mM ammonium acetate buffer (pH 6.5) and desalted by dialysis (1 000 Da cut-off membrane, Spectrum Inc., CA, USA). Separation was performed by tricine-SDS PAGE in a multi-layered gel consisting of (i) a 4.0 cm lower separating region as described by Schägger and Von Jagow [17] , (ii) a 0.6 cm spacer region of 21% acrylamide:bisacrylamide (48%:1.5%), (iii) a 0.6 cm top region of 50% acrylamide:bisacrylamide (48%:1.5%), and (iv) a 1.0 cm stacking region of 8% acrylamide:bisacrylamide (48%:1.5%).
A low molecular-mass marker with sizes ranging from 2.5 to 45.0 kDa (Amersham Biosciences Europe GmbH, Freiberg, Germany) was used. Gels were fixed in 20 ml 5% formaldehyde prior to staining half in Coomassie Brilliant Blue R250 (Saarchem, Krugersdorp, South Africa). The position of the active bacteriocin was determined in the unstained gel, as described by Todorov and Dicks [15] . Lactobacillus sakei DSM 20017 (10 6 CFU/ml) was used as sensitive strain, suspended in MRS broth supplemented with 1% (w/v) agar.
Results and Discussion
Growth and production
No difference in growth was observed when L. plantarum 423 was cultured in either MRS-A, MRS-L or MRS broth. In all three mediums, cell numbers ranged between 1.4 × 10 9 CFU/ml and 1.1 × 10 10 CFU/ml (data not shown). However, higher production of plantaricin 423 (25 600 AU/ml) was recorded in MRS-A and MRS-L broth, compared to 6 400 AU/ml recorded in unmodified MRS broth. Increased plantaricin 423 activity recorded in MRS-A broth suggests that either production is stimulated in medium containing less hydrophobic proteins or compounds that interfere with the production of plantaricin 423 were removed by treatment with Amberlite R XAD-1180. Moreover, increased production of plantaricin 423 in MRS-L broth may be ascribed to lower protein levels in the medium (proteins metabolized) or the presence of heat-stable components secreted by L. innocua. L. innocua LMG 13568 however does not produce bacteriocins and has no apparent antimicrobial effect towards E. faecium HKLHS or L. plantarum 423. Bacteriocin AMA-K activity increased when L. plantarum AMA-K was cultured in the presence of Listeria spp. [18] and similar results were reported for bacteriocin ST8KF produced by L. plantarum ST8KF [19] .
Optimal production of plantaricin 423 was reported in MRS broth supplemented with either bacteriological peptone, casaminoacids, tryptone or meat extract [20] . Similarly, L. plantarum ST414BZ and ST664BZ yielded optimal bacteriocin activity when cultured in medium containing tryptone as sole nitrogen source [21] while increased activity for bacteriocins ST13BR, ST414BZ, ST664BZ and ST194BZ have also been reported in minimal growth media [21] [22] [23] . In addition, helveticin J production can also be stimulated when cells are grown in the presence of both yeast and meat extracts [24] . Several other studies have also reported optimal bacteriocin production at sub-optimal growth conditions [25] [26] [27] [28] [29] [30] .
Purification
L. plantarum 423 decreased the pH of unmodified MRS broth from 6.4 to approximately 3.8 after 4 h of growth at 30
• C [20] . During this period the optical density of the cells (OD 600nm ) increased to 1.9. Stationary phase was reached after 15 h of growth, with plantaricin 423 at 6 400 AU/ml [20] . Precipitation with 70% saturated ammonium sulphate yielded 25 600 AU plantaricin 423 per ml supernatant or 2.4 × 10 4 AU/mg protein (Table 1) . Separation by SepPak C 18 increased the specific activity to 6.5 × 10
4 . L. plantarum 423 cultured in MRS-A broth produced plantaricin 423 at 25 600 AU/ml cell-free supernatant (Table 1) . Precipitation with 70% saturated ammonium sulphate yielded 1.9 × 10 5 AU/mg protein (Table 1) . Separation by SepPak C 18 increased the specific activity to 6.6 × 10 5 AU/mg. Precipitation of plantaricin 423 from a culture in MRS-L broth and separation by SepPak C 18 showed similar bacteriocin activity levels as compared to cells cultured in MRS-A broth (Table 1) . However the yield of plantaricin 423 was higher when cells were grown in unmodified MRS broth and MRS-A broth (yield 1.0) compared to growth in MRS-L broth (yield 0.5) ( Table 1) .
Nevertheless despite identical yields of plantaricin 423 produced in MRS broth and MRS-A broth, the specific activity of plantaricin 423 was the highest in MRS-A broth (8.0 × 10 5 AU/mg protein; Table 1 ). Furthermore, separation by gel filtration indicated lower levels of protein contamination (data not shown). Consequently, partially deproteinated MRS broth, MRS-A, may facilitate the purification of bacteriocins by lowering the total protein levels in the growth medium. Additionally, treatment with Amberlite may also remove protein that interfering with the activity of plantaricin 423.
Modified tricine-SDS PAGE
The combination of high density stacking and top gels prevented larger proteins from migrating into the spacer and separating gels. Preliminary experiments with low-range molecular mass markers (2.5 kDa to 45 kDa) and high range markers (14.3 kDa to 220 kDa) (Amersham Biosciences Europe GmbH, Freiburg, Germany) indicated that a 50% acrylamide:bisacrylamide (48%:1.5%) stacking gel yielded optimal separation of 2.5 kDa and 3.5 kDa proteins. While proteins of 6.5 kDa and larger were unable to migrate through the stacking and top gels, semi-purified plantaricin 423 migrated through the high density stacking and top gels and separated in the separating gel (data not shown). Interestingly, the protein background was less for plantaricin 423 produced in MRS-A broth compared to production in MRS or MRS-L broth, indicating that MRS pre-treated with Amberlite R XAD-1180 increases the efficacy of bacteriocin purification.
